Context. The VISTA Variables in the Vía Láctea (VVV) Survey is one of the six ESO public surveys currently ongoing at the VISTA telescope on Cerro Paranal, Chile. VVV uses near-IR (ZY JHK s ) filters that at present provide photometry to a depth of K s ∼ 17.0 mag in up to 36 epochs spanning over four years, and aim at discovering more than 10 6 variable sources as well as trace the structure of the Galactic bulge and part of the southern disk. Aims. A variability search was performed to find RR Lyrae variable stars. The low stellar density of the VVV tile b201, which is centered at ( , b) ∼ (−9
Introduction
The structure and evolution of the Galactic bulge is far from completely explored. The high complexity of the Milky Way formation and the fact that we are embedded in the disk of the Galaxy, impede direct observations because of the extensive layer of dust and gas of the Galaxy in this line of sight. In the era of large-surveys, much effort have been made to reveal its structure, taking advantage of a wide variety of near-, mid-and far-IR filters to bypass the layer of dust that does not permit deeper observations in the optical bands (e.g., Freudenreich 1996; Skrutskie et al. 2006; Wright et al. 2010) .
In this context, the VISTA Variables in the Vía Láctea (VVV) Survey aims to probe the internal structure of the Milky Way bulge through the near-IR (ZY JHK s ) filters, using as its main distance indicators the red-clump giants and pulsating variable stars (Minniti et al. 2010) , such as RR Lyrae stars (hereafter RR Lyr), classical Cepheids, anomalous Cepheids and Miras, and semiregular variables. In particular, RR Lyr stars have been Based on observations taken within the ESO VISTA Public Survey VVV, Programme ID 179.B-2002. useful probes of the bulge structure and evolution (Carney et al. 1995; Gratton & Carretta 1996; McWilliam & Zoccali 2010; Soszyński et al. 2011; Dékány et al. 2013) . RR Lyr stars are old and low-mass stars (≈ 0.7M , Smith 2004 ) that are in the horizontal branch (HB) stage (helium-burning phase) and have a very tight period-luminosity (P − L) relation in the near-IR bands (Longmore et al. 1990; Catelan et al. 2004 ). This relation is a powerful tool that has previously provided distances to Galactic globular clusters (Longmore et al. 1990; Del Principe et al. 2005 Sollima et al. 2006; Coppola et al. 2011) , extragalactic globular clusters, dSph galaxies (Dall'Ora et al. 2004; Pietrzyński et al. 2008; Borissova et al. 2009) , and the Galactic center (Carney et al. 1995; Groenewegen et al. 2008; Dékány et al. 2013) . Dékány et al. (2013) searched for near-IR counterparts of the RR Lyr stars that were found by the OGLE III survey (Soszyński et al. 2011) in the Galactic bulge in an area limited by 2
• ≤ |b| ≤ 7
• and | | ≤ 10 • . They derived the distance to the Galactic center and discovered that the RR Lyr trace a more spheroidal shape than the red-clump stars, which suggests that the Milky Way has a composite bulge. In this paper, we have selected a low density field to conduct a variability search. We find new RR Lyr stars in the VVV tile b201, which allows us to measure precise reddening and distances to the bulge in this direction. The tile b201 samples the spatial distribution of RR Lyr in the older outer bulge, b 4
• away from the Galactic center region analyzed by Dékány et al. (2013) . Our motivation also is to update the known RR Lyr stars present at these longitudes ( ∼ −10 • ) that are covered by the VVV Survey area.
Observations
The VVV Survey is being carried out with the 4m Visible and Infrared Survey Telescope for Astronomy (VISTA) located at ESO's Cerro Paranal Observatory in Chile, using the wide-field VISTA InfraRed Camera (VIRCAM; Dalton et al. 2006; Emerson & Sutherland 2010) . Photometric catalogs are based on the VISTA system, for which 2MASS (Cutri et al. 2003) coordinates are automatically produced by the Cambridge Astronomical Survey Unit (CASU) 1 . They are publicly available through the VISTA Science Archive (VSA) 2 . The pixel scale and field of view (FoV) are 0.34 pix −1 and 1.64 deg 2 . This FoV represents one "tile"; the entire VVV observations comprise of 348 tiles (196 covering the bulge and 152 and the southern Galactic plane). The VVV observation schedule includes single-epoch near-IR photometry in ZY JHK s bands and a variability campaign in K s with up to a total of 100 epochs planned by the end of the scheduled observing time (1929 ( hours, Minniti et al. 2010 Catelan et al. 2011b ). Technical details of the telescope and observation strategy can be found in Minniti et al. (2010) and Saito et al. (2012a) .
In this study, we used observations of tile b201 ( , b ≈ −9
• , −9 • ; Fig. 1 ). This tile is the bulge field most distant from the Galactic center observed by the VVV, and it has the lowest stellar density, as shown in Fig. 2 of Saito et al. (2012b) . The VVV has observed this tile 36 times between April 2010 and July 2013. A total of 394 047 point sources with K s ≤ 17.0 mag were detected, of which 353 935 have more than 25 epochs of observations, which is the number we require to include a source in this study.
The main reason to choose this tile was its stellar density, lower than other observed VVV bulge tiles. Specifically, for a cutoff of 25 points per light curve, there were 353 935 time series to be analyzed in this tile of the total 394 047 (∼ 10 % excluded). This number is similar to that of the adjacent tile b202 with 408 858 sources in K s band. Another reason for analying this tile is its low extinction with values of A K s 0.1 mag in certain lines of sight, or equivalently, A V ≤ 0.35 mag (Catelan et al. 2011b; Gonzalez et al. 2011 Gonzalez et al. , 2012 , which allowed the previous detection of RR Lyr stars by Swope (1942) , Ponsen (1954) and Kooreman (1966) . Even though it is not completely free of selection biases, the low density implies reduced crowding and a more accurate and deeper photometry than for the other fields in the VVV survey area. Furthermore, the lower extinction in this area minimizes the reddening uncertainties.
Identifying and classifying variable sources
A semi-automated classification scheme was developed to select the variable stars. First we computed the standard deviation (σK s ) and χ 2 test for each time series. The cut-off for considering a non-variable star was determined by simulating a random noise χ 2 distribution, as described by Carpenter et al. (2001) ; this resulted in χ 2 = 2. This constraint places a lower limit of A K s ≈ 0.03 mag at K s 13 mag on the amplitudes of the RR Lyr to be detected. We estimate, based in the ω Cen RRc stars K s -amplitude distribution (Navarrete et al. 2014, subm.) , that at K s ∼ 15.2 mag our search procedure has a variability detection efficiency of ∼90%, which drops to ∼50% at K s ∼ 16.5 mag. These candidates were analyzed by the analysis of variance (AoV) statistis (Schwarzenberg-Czerny 1989) to determine their periods. Periods were restricted to the range in which RR Lyr are typically found: 0.2 ≤ P(days) ≤ 1.2. After this step, the light curves of 167 candidates were visually inspected, and 42 objects were foundto be as RR Lyr. Of the remaining 125 light curves, 32 were clearly variables but without a clear variability class, and we classified the remaining 83 as eclipsing-binary candidates. Better phase coverage is needed to classify these variables. Finally, ten variable-star candidates as selected by the algorithm were determined to be non-variables that showed period-aliasing of ≈1 day and were therefore excluded from further analysis. Fig. 2 presents the magnitude-variability diagram of all sources with more than 25 epochs of observation, in which the RR Lyr stars are identified.
Results

Catalogue of RR Lyr stars
To characterize our sample of RR Lyr stars, Table 1 contains the number of each variable type found and the mean, longest and shortest periods of each population. These values define the Oosterhoff and Bailey type of the RR Lyr. Additionally, our RR Lyr candidates lie in the magnitude range between 13 K s (mag) 16.5, resulting in a distance between 5.2 d (kpc) 13.6. Bailey (1902) classified the RR Lyr (in that epoch called "cluster variables") in three groups, the a-, b-and c-type by its period and light-curve shape (amplitude of variation). The first two groups were merged later into the ab-type known today. This Table 2 . A brief discussion of the error introduced in the RR Lyr color (J − K s ) and (H − K s ) is presented in Sect. 3.5. The RR Lyr stars are shown on a Hess color-magnitude diagram of the whole tile in Fig. 4 . The bulge red-giant branch (RGB) and the disk main-sequence (MS) stars are presented in the Hess diagram, with the label aligned in the direction of each branch. The superposition of a young population (the disk) hides the MS turn-off and part of the Galactic bulge HB, where most of our RR Lyr belong. However, the bulge instability strip locus can be inferred over the disk MS in a color range between 0.1 (J − K s ) 0.6, according to the position of the RR Lyr in the diagram.
The period distribution of the RRab and RRc stars is divided by a gap in P ∼ 0.4 days, as shown in the bottom panel of Fig. 3 , which reflects the distribution derived by Kunder & Chaboyer (2009) in V and R bands. These authors analyzed the Oosterhoff type of RR Lyr in the Galactic bulge. This near-IR diagram shows a different slope for the RRab in the optical wavelengths. It is more horizontal, similar to that reported by Gavrilchenko et al. (2014) and Navarrete et al. (2014, subm.) using mid-and near-IR data.
Previously known RR Lyr stars
As a test of consistency, we compared our RR Lyr positions and periods with those found in the literature. There are already ten variables in the International Variable Star Index 3 (VSX) catalog classified as RR Lyr in the analyzed area.
We recovered all ten previously known variables and correctly classified them as RR Lyr. These ten RR Lyr are listed in Table 3 , along with their General Catalogue of Variable Stars (GCVS; Samus et al. 2009 ) designations, periods, and astrometric offsets. In three cases (MO CrA, V397 CrA and V467 CrA), periods different from those in the literature were identified. MO CrA was classified, without an assigned period, as a "cluster variable" by Swope (1942) . V397 CrA and V467 CrA were previously observed by Ponsen (1954) and Kooreman (1966) , respectively. Ponsen (1954) classified V397 CrA as an RRc, but with only 16 points in the light curve. Kooreman (1966) classified V467 CrA as an RRab, remarking that this star was very faint, with a large dispersion in magnitude in the 120 available plates. V475 CrA and V493 CrA do not have counterparts within our initial 2 matching radius, but RR Lyr with near identical periods were identified at 17 and 31 , respectively, from their VSX positions. According to CASU, VVV astrometry is Table 2 . Color information of RRab and RRc stars found in tile b201. We list the VVV ID, right ascension (J2000), declination (J2000), magnitudeweighted mean from the Fourier fit K s , and (J − K s ) and (H − K s ) colors from the first K s -band epoch. accurate to ≈50 mas and the similarity in periods make it very likely that V475 CrA and V493 CrA are counterparts to VVV J2705622.48-420853.7 and VVV J2714823.59-413121.7.
RR Lyr star with the shortest period in our catalog
We found that the RRc candidate VVV J2705846.71-411723.2 has a very short period of P = 0.202 days. In contrast, the RRc with the shortest period found in the OGLE III sample has P = 0.237 days (Soszyński et al. 2011) . This variable warrants a more detailed study to confirm that it is an RRc instead of an eclipsing binary or a long-period SX Phe, as reported by Cohen & Sarajedini (2012) .
Fourier coefficients
The complete catalog of light curves is shown in Figs. 5 and 6 for the RRab and RRc types. Following an approach similar to that of Dékány et al. (2013) , the light curves of the RRab and RRc stars were fitted with Fourier series compound of sines, up to sixth order using the direct Fourier fitting (DFF) method of Kovács & Kupi (2007) . This order was the highest possible calculated, but in some cases the returned order was lower to prevent over-fitting of the light-curve. This method allows us to recover the mean K s -magnitude plus the Fourier coefficients (A 21 , φ 21 , ..., A 61 , φ 61 ), which are shown in Table 4 . The photometric iron abundance of RR Lyr stars is typically found by analyzyng of V-and I-band light-curves (e.g., Jurcsik & Kovacs 1996; Smolec 2005) . However, since there is no re- lationship between the Fourier parameters and iron content already established in the near-IR, it cannot be determined individually for our variables. Hence, we used the value of Pietrukowicz et al. (2012) , who found that RR Lyr trace the distribution of the metallicity in the Galactic bulge with a sharply peaked distribution, centered on −1.02 dex with a dispersion of 0.25 dex. This metallicity complete agree with the spectroscopic value found by Walker & Terndrup (1991) of [Fe/H] = −1.0 dex with a dispersion of 0.16 dex. They analyzed 59 RR Lyr in Baade's window. Taking a fixed metallicity does not significantly affect the distance estimation; it imparts a mean of 0.20 kpc (∼ 3% at 8 kpc) uncertainty to distances derived using the P − L relation, taking into account the extreme values on the dispersion of [Fe/H].
RR Lyr stars: reddening estimation
Generally, the reddening can be expressed as the difference of the measured and intrinsic color between two filters,
in this case for J and K s . The first term of the equation is limited by the phase coverage and the number of points of each variable in multiple wavelengths. The VVV, as a variability survey, provides time-series exclusively in K s band. For J and H band, only one observation has been taken during the first year of operation, which limits the precision of (J − K s ) and (H − K s ). The colors (J −H) and (H −K s ) were calculated using the faintest point of the light curve according to the Fourier fit, and taking into account the ratio of amplitudes between J, H and K s described in Feast et al. (2008) , as follows:
∆J = −0.02 + 3.60(∆K s − 0.18).
This approximation has a larger error for the shorter-period RRab (higher amplitudes) with a maximum of ±0.2 mag and ±0.1 mag for the J and H band, respectively. However, for Z and Y bands (also available in the VVV Survey), we are unable to conduct the same analysis because we lack detailed near-IR variability studies. This problem can be solved in the future with a database of well-defined near-IR template light-curves that the VVV Templates Project (Catelan et al. 2011a; Angeloni et al. 2014 ) is collecting. The next step was to calculate the intrinsic color of the sample, that is (J − K s ) 0 , analogous to the difference in absolute magnitude of the two filters. This modifies the latter reddening equation into (4) for J and K s bands. The absolute magnitudes were calculated using the P − L relation given in Alonso-García et al. (2014),
M K s = −0.6365 − 2.347 log P + 0.1747 log Z,
with σ J = 0.17 mag and σ K s = 0.13 mag the systematic errors in J and K s bands, respectively. The errors were calculated as the difference between the average magnitudes, published by Del Principe et al. (2005) , and the theoretical values obtained using the P − L relations listed above. The theoretical propagated error of (J − K s ) 0 is ∼ 0.21 mag, which introduces a difference of 0.14 mag in the distance moduli. These relations are crucial for determining the distances to our RR Lyr stars, because it is a very accurate solution to calculate the reddening corrected colors, especially in the near-IR (Catelan et al. 2004 ). We used the same approach as Pietrukowicz et al. (2012) to calculate the log Z = [Fe/H] − 1.765, based on a solar metallicity of Z = 0.017 (Catelan et al. 2004 ). This relation was established for fundamental-mode pulsators, therefore we must exclude the RRc stars of future analyses. Finally, these colors give us an estimate of the individual reddening of the RRab stars, which is shown in Table 5 . We compared these reddening values with those obtained by Kunder et al. (2008) in the same Galactic latitude as our values ( , b ∼ −5 • , −9 • ) from the Galactic bulge fields of the MACHO survey. The mean converted value of E(J − K s ) at that latitude is ∼ 0.20 mag, with a dispersion of 0.04 mag, which is consistent with our measurements within the errors. In some cases, our estimates are slightly higher than those of Kunder et al. (2008) , which may be due to larger distances or larger errors in the determination of the color (J − K s ) in our light curves.
Distance to the RR Lyrae stars
We calculated the individual distances to the RRab stars using the P − L relations for the K s band. This distance can be exArticle number, page 5 of 10 A&A proofs: manuscript no. AA_2014_24333 VVV J2714054.14-412637.6 (P = 0.251) pressed in terms of the absolute and the extinction-corrected K sband magnitudes,
with R the individual distance in pc to our RRab stars and converting the color excess into extinction using the law of Cardelli et al. (1989) ,
(8) Figure 7 shows the histogram of the distances calculated for the individual RR Lyr. A strong agreement with previous results is recovered even at this high latitude ( ∼ −10
• ) with more than the 50% of the variables in the central kiloparsec according to a Gaussian fit with d mean = 8.14 kpc and a dispersion of σ d = 1.56 kpc. Adopting the reddening law of Nishiyama et al. (2009) does not significantly change the distance distribution of our RRab stars; it adds 0.4 kpc to the mean, but keeps the dispersion unchanged.
The results of this analysis, including reddening, extinction, and distances with their error are shown in Table 5 . The uncertainties consider the error propagation on the color, reddening, extinction, and distance of each individual RRab star. Another visualization of the derived distances, assuming a constant and b coordinate, is shown in Fig 8 as a cone view. This approach is useful in identifying groups or streams of variable stars in our FoV, which is not possible with their spatial distribution ( , b) alone, as also shown in Fig. 8 . Although there may be a group of RR ab stars at d ∼ 7 kpc, these stars do not cluster in any other parameters, for example, in the period-amplitude diagram or spatially, and hence we are hesitant to consider them as a group. An interesting topic of the RR Lyr studied in large areas is the possibility that they can trace an old stream-like structure (Sesar et al. 2013 ) in addition to the spheroidal shape described by Dékány et al. (2013) . Unfortunately, the small number of variables in this single tile prevent us from making any strong statements about the presence of streams in this direction. 
Summary
A search for RR Lyr stars was performed in the VVV tile b201, one of the outermost bulge regions covered by the VVV Survey. A total of 39 RR Lyr were found, of which 27 and 12 belong to the ab-and c-type, respectively. For the total sample, coordinates, periods, amplitudes, and near-IR colors were presented. Using the International Variable Star Index, we found counterparts of the ten previously known RR Lyr in the field, in agreement with past measurements. We found differences in only three of them, for which we suggested a revised period. From the analysis of the RRab sample, individual reddening, extinction, and distance were obtained, based on line-of-sight extinction values given by Cardelli et al. (1989) and the P − L relation of Alonso-García et al. (2014) . The distribution of these variables on the Milky Way follows a central distribution around ∼ 8.1 and ∼ 8.5 kpc. using the Cardelli or Nishiyama extinction law, respectively. This value is consistent with the results of Dékány et al. (2013) , placing the center of the distribution at ∼8.3 kpc. An analysis of a larger area around ∼ −10 • will be conducted to complement the studies of the inner Galactic bulge that are already published. 
